Purpose The objective of this meta-analysis is to determine whether there is a higher incidence of preeclampsia (PE) in pregnancies achieved by oocyte donation (OD) compared with pregnancies achieved by in vitro fertilization with autologous oocytes (IVF). Methods A systematic review was performed to identify relevant studies published from January 1994 until April 2015 with at least an abstract in English using PubMed, ISI Web of Knowledge, and clinicaltrials.gov. The 11 studies included in this systematic review were retrospective and prospective cohort studies of women reporting results on the association between oocyte donation vs. in vitro fertilization (exposure) and preeclampsia (outcome). Results Oocyte donation is a risk factor for the development of PE compared to IVF cycles, with a weighted OR of 3.12 under a fixed effects method (FEM: no heterogeneity between the studies). The weighted OR under a random effects model was 2.9 (REM: heterogeneity between the studies). The metaregression analysis showed that neither multiple pregnancies (estimate = 0.08; p = 0.19) nor patient age (estimate = −2.29; p = 0.13) significantly explained the variability of the effect of oocyte donation on PE. Q statistic was 12.78 (p = 0.237), suggesting absence of heterogeneity between the studies. Conclusions Pregnancies achieved by oocyte donation confer a threefold increase in the likelihood of developing PE than those achieved by in vitro fertilization with own oocytes. Physicians should be aware of this risk in order to both counsel patients and monitor pregnancies accordingly.
Introduction
Preeclampsia (PE), defined as gestational hypertension with either significant proteinuria or end-organ dysfunction after 20 weeks of gestation in a previously normotensive woman, develops in 2-7 % of all pregnancies [1] [2] [3] [4] , and it is a major contributor to perinatal morbidity and mortality [5] .
The involvement of immune mechanisms in the etiology of PE is often suggested. While in normal pregnancy there is a state of tolerance to foreign antigens, in PE, this immunological tolerance may be hampered due to an allogenic mismatch [6] . Oocyte donation is an assisted reproductive treatment with a high success rate ranging from 40 to 60 % [7] [8] [9] , in which an unnaturally high number of allogenic mismatches have been described [10] . This may explain the higher incidence of PE in oocyte donation pregnancies (OD-P) reported in some series [2, [11] [12] [13] [14] [15] [16] [17] . However, whether the transfer of embryos generated from donated oocytes per se represents a risk factor for developing PE is still controversial. Recipients of donated eggs are usually nulliparous, of Capsule Pregnancies achieved by oocyte donation confer a threefold increase in the likelihood of developing PE than those achieved by in vitro fertilization with own oocytes.
Electronic supplementary material The online version of this article (doi:10.1007/s10815-016-0701-9) contains supplementary material, which is available to authorized users. advanced maternal age, and typically suffer from ovarian failure, all factors independently associated with PE [18] [19] [20] [21] . Unfortunately, several studies evaluating PE in OD-P compare its incidence with that of patients who conceived naturally [14, 15, 22, 23] , thus weakening the robustness of their findings.
Objective
The aim of this systematic review and meta-analysis is to assess the association between oocyte donation pregnancies and the development of preeclampsia, comparing it with preeclampsia in women pregnant with in vitro fertilization with autologous oocytes (IVF-P).
Methods
Eligibility criteria, information sources, and search strategy This review was carried out following the guidelines for Metaanalysis Of Observational Studies in Epidemiology (MOOSE) [24] . A systematic search was performed using PubMed, ISI Web of Knowledge, and clinicaltrials.gov to identify relevant studies published from January 1994 until April 2015 in English, French, Spanish, or Italian, using the search queries shown in Supplementary Information 1.
References of relevant publications were manually searched for additional potentially relevant published studies.
The relevance of identified abstract was assessed based on these inclusion criteria by two independent evaluators (A.B. and M.J.L.) blinded to authorship, authors' institution, and study results. If the studies were considered to be potentially relevant, the full-text article was read. Any disagreement between the two evaluators was resolved by discussion.
Study selection
The criteria for inclusion in this systematic review were cohort studies (retrospective and prospective) which reported in their results on the association between OD-P vs. IVF-P (exposure) and PE (outcome).
In all the studies selected, PE was defined as hypertension with proteinuria after 20 weeks of gestation; therefore, this was the definition of PE that we used to determine the outcome.
Data extraction
The following data were extracted from the selected studies: country where the study was carried out, study period, inclusion and exclusion criteria, sample size, reproductive technique used (oocyte donation vs. IVF with autologous oocytes), patient age, outcome definition, and confounders used in the statistical analysis. Unadjusted and adjusted effect estimates for the association between OD-P (vs. IVF-P) and PE were extracted.
Assessment of risk of bias
Two reviewers (A.B. and MJ.L.) independently assessed the risk of bias using the Newcastle-Ottawa Scale (NOS) [25] for studies included in the systematic review. This instrument assessed three specific domains (selection, comparability, and outcome) for each study included in the review.
Data synthesis
Extracted results were pooled in the meta-analysis. Both fixed and random effects models (weighting by inverse of variance) were used. A continuity correction was used for cells with zero values. The between-study heterogeneity was assessed using the χ 2 (Cochrane Q), H, and I 2 statistics. Results were presented using forest plots. An influence analysis was also performed to ascertain the results of the meta-analysis by excluding each of the individual studies. Publication bias was assessed by a funnel plot for meta-analysis and quantified by the Egger method [26] . A meta-regression procedure of the log-OR was performed to evaluate the contribution of multiple pregnancy rates (the prevalence difference between oocytedonation and IVF groups) and age (the difference in means between oocyte-donation and IVF groups) on the effect.
Statistical analysis were conducted using Stata software v13.0 (Stata Corp., College Station, Texas) (module Bmeta [ 27] ) and R v3.1.2 (The R Foundation for Statistical Computing) (package Bmeta v4.2^ [28] ).
Results

Study selection
The studies identified through database searching were 168, with an extra one included manually. The references analyzed after removing the duplicates were 93. Sixty-four abstracts were excluded because they did not fulfill the inclusion criteria or were systematic reviews. Of the 29 full-text studies selected for eligibility, 18 were excluded because the final outcome was not PE, or the study population included patient with the Turner syndrome, which could modify the result [29] .
Study characteristics
Eleven studies were finally included in the meta-analysis ( Fig. 1) , the characteristics of which are described in Table 1 .
Risk of bias of included studies
Four studies were considered to have a low risk of bias. Four have a medium risk because the two groups of patients included were comparable only for maternal age or multiple pregnancies, and the last three had a high risk, all of which were due to a lack of comparability in relation both to maternal age and multiple pregnancies ( Table 2) .
Synthesis of results
Overall, the prevalence of PE in oocyte donation pregnancies (OD-P) was 17.2 % (range 9-29 %) while it was 5.7 % in the in vitro with autologous oocytes pregnancies (IVF-P) (range 0-13 %) (χ 2 246.5; p < 0.001). Ten of the 11 articles included in the meta-analysis reported a higher risk of PE in pregnancies achieved after oocyte donation compared with pregnancies achieved with a patient's autologous oocytes (Table 3) . There was only one study where OD-P did not have an increased risk for PE, and this might be due to the small number of participants [30] .
Both fixed and random effects models were used for this meta-analysis. Under the fixed method, the weighted OR of OD-P compared to IVF-P was 3.12 (2.56-3.85) ( Table 4) . Worthy of note was the fact that the Q statistic was 12.78 (p = 0.23), suggesting absence of heterogeneity, as it also suggests the result of 21.68 (95 % CI 0, 60.7) of the I 2 , a value that does not depend on the number of the studies included in the analysis. On the other hand, the weighted OR under the random effects model was 2.9 (2.19-3.85); Fig. 2 depicts the forest plot of the ORs extracted from the random effects model.
One of the strengths of the meta-analysis is that the exclusion of any of the published studies did not relevantly change the weighted ORs, as evidenced by the influence analysis, also performed under the random effects model (Supplementary Table 1 ). In addition, the funnel plot, which helps in assessing visually the publication bias (Fig. 3) , does not suggest the existence of unpublished studies which were not included in this meta-analysis. Likewise, the Egger k-coefficient calculated to quantify the publication bias was not significant (−0.33, 95 % CI −1.81 to 1.15; p = 0.62).
The meta-regression procedure showed that neither multiple pregnancies (estimate = 0.08; p = 0.19) nor patient age (estimate = −2.29; p = 0.13) significantly contributed to the effect of OD-P on PE. Supplementary Figures 1 and 2 show the bubble graph with the fitted meta-regression line of the multiple pregnancy rates (prevalence difference between oocyte donation and IVF groups) and age (difference between OD-P and IVF-P means). There was a non-significant trend towards a greater association between PE and OD-P as the difference in age between IVF-P and OD increased. On the other hand, there was also a non-significant trend towards a smaller association as the proportion of multiple pregnancies in the OD-P group increases with respect to the IVF-P group.
Discussion Main findings
With 26.302 cases analyzed, this meta-analysis shows an association between OD-P and PE. This is of a special interest, as fertility treatments with donated oocytes are growing steadily worldwide. In the USA alone, cycles where embryos derived from donated oocytes are transferred account for 15.4 % of the cycles initiated in the country [9] , mainly due to the increase in maternal age [31] [32] [33] .
Strengths and limitations
To our knowledge, this is the first meta-analysis to have focused specifically on PE and including solely cohort studies comparing cycles of in vitro fertilization with OD-P vs. IVF-P. Since we avoided the comparison with natural conception pregnancies, we exclude by design the bias of the assisted reproductive technique per se. Another relevant strength of our review is the absence of heterogeneity (Supplementary Table 1 ) and publication bias between the included articles (Fig. 3) .
A limitation of this review is the lack of information in the included studies about the cause of infertility that has lead to assisted reproductive technology (ART) with either autologous or donor oocytes, because the underlying type of infertility leading to one or the other treatment might itself contribute to the pathophysiology of PE. The factors causing the need of ART certainly vary from patients that will require donated oocytes from the ones that will perform an IVF with autologous oocytes (for instance, tubal infertility is typically a cause of IVF with autologous oocytes, while a premature ovarian failure will most likely lead to OD), thus making it difficult to determine if it is the reception of the oocytes or the cause of its necessity that is associated with the increase in PE incidence.
Another limitation is the lack of detailed information in the included studies on severity or gestational age at onset of PE: the association with OD would be more clinically relevant in early or severe PE, since it is more amenable to prevention by aspirin than mild and late-onset disease [34] . There are numerous studies demonstrating a relation between ART and hypertensive complications [11, 14, 16, 17, 35, 36] . Several differences between natural conception gestations and ART gestations can explain this association: the effects on the endometrium due to the controlled ovarian stimulation therapy, the different implantation due to the transfer of the embryo, and the fact that the process of the formation of the trophoblast begins in vitro instead of in vivo. To establish the risk of PE in OD-P, and thus avoid the bias of the ART, it should be an IVF-P control group. Other factors that can confound the results of the analysis are the advanced maternal age and multiple pregnancies, as both are associated with PE and with the need to undergo oocyte reception. Our review includes a metaregression procedure that accounts for such potential confounding. Although our analysis did not reach significance on the association between age and the effect of OD-P on PE, it seems that there is a trend towards it. The difference in the ages between groups in some of the studies and the small number of included studies could explain this limitation of our analysis.
The etiological relationship between OD-P and PE remains unclear. Despite the fact that the cause of developing PE seems to be multifactorial, OD-P is associated with an increased incidence of this disorder. An immunological theory, based on the allogenicity of the fetus to the mother, has been postulated: early on during implantation, the decidua is invaded by trophoblastic cells expressing HLA-C, a ligand for the immunoglobulin receptor (KIR) on the uterine natural killer cells (uNK). The uNK provide regulation of the neovascularization of the decidua, via proangiogenic and endothelial factors, which in turn modulate the spiral arteries. When executed correctly, this process guarantees proper blood flow to the IoV* inverse of variance developing fetus. The fetal HLA-C differs from the maternal HLA-C because it also expresses paternal HLA-C alleles. When donated oocytes are used, the trophoblastic HLA-C is less recognizable for the immunological system of the mother because it is completely allogeneic. Speculatively, this can lead to an altered functionality of the uNK and consequently to an altered maternal blood supply to the placenta, facilitating disorders like PE and fetal growth restriction [2, 37, 38] Also, T cells have been involved in the immune down-regulation that allows the fetus to develop in the maternal allogeneic environment [39] . In a study of 26 placentas of oocyte donation pregnancies, an infiltrate of macrophages was found in placentas of pregnancies uncomplicated by PE and not in the placentas of pregnancies with PE. This lesion in the chorionic plate was associated with intervillositis, chronic deciduitis, higher expression of CD14+ macrophages, and fetal HLA-C2. All these data suggested an immunological protection of the mother to the fetus, which was absent in PE gestations [40] .
Some authors hypothesize that a patient needing oocyte donation might have, in addition, an immunologically based condition that predisposes to PE [12, 41] . Circulating antibodies against granulosa cells and zona pellucida have been detected in patients with ovarian failure [42] , and as mentioned earlier, it seems that an autoregulation of the immune response by the mother is needed to provide a good placentation and to avoid PE. It is suggested that some autoantibodies or immune dysregulation can cause an injury to the trophoblastic cells invading the decidua.
Conclusions and implications
The rising number of pregnancies achieved by oocyte donation and PE morbidity confers importance to the results of this meta-analysis and necessitates an increase in our understanding of the biochemical and immunological causes of PE in order to develop possible preventive strategies, such as the selection of the oocyte donor immunologically matched to the HLA of the recipient [10, 43] . Nonetheless, the absence of prospective studies from the scientific literature limits the strength of the results of this meta-analysis, which should be interpreted with caution.
Meanwhile, patients undergoing OD cycles should be aware of the possible increased risk of developing PE, and physicians should provide strict obstetrical surveillance for these women, in order to perform early diagnosis and management if the case. 
